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Abstract 
Effect of nanoporous layer on convective heat transfer performance of microchannel has been investigated experimentally. 
Experimental studies were carried out in a microchannel of 672 μm hydraulic diameter using de-ionized (DI) water as the 
coolant. Nanoporous layer was developed on the heat transfer surface of the microchannel using electrophoretic deposition of 
Al2O3 nanoparticles. Both single-phase and two-phase convective heat transfer experiments were performed at different mass 
flux. Results from the microchannel with bare surface are used as the base line data. Critical heat flux (CHF) increases for the 
coated surface; up to 45% enhancement in CHF was observed, whereas heat transfer coefficient (HTC) was observed to reduce 
for the coated surface compared to the bare surface. This observation is in contradiction with several previous reports on pool 
boiling where significant enhancement in HTC is reported for the nanoporous coating. Possible reason of this contradiction is 
also explained in this report by performing molecular dynamics simulation. 
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1. Introduction 
Boiling is a very complex but very common natural phenomenon involving nucleation, growth and intricate 
dynamics of vapor bubbles. It is the most efficient means to transfer heat energy exploiting latent heat of 
vaporization. When boiling is associated with the forced convection it is called flow boiling which is truly 
complicated; depends on numerous parameters i.e. thermo-physical properties of the liquid, channel geometry, 
interface characteristics, operating conditions, etc. [1]. Despite of its complexity flow boiling is being used in a large 
number of engineering applications (i.e. steam tube boilers, refrigeration industry, air separation and cryogenics 
industry, etc.) due to its ability to carry large amount of heat through a limited volume of liquid. Physical 
characteristics of the flow boiling strongly depend on size of the channel and equations developed for the 
conventional channel becomes inapplicable for micro size channel [2]. Micro size channel has been investigated 
extensively for the last decade due its ability to enhance heat transfer rate significantly utilizing high surface area to 
volume ratio [3-5]. Heat removal rate from a solid surface can be enhanced significantly by incorporating flow 
boiling in microchannel [2, 6]. Utilizing high surface area to volume ratio and high latent heat of vaporization, flow 
boiling in microchannel provides opportunity to design ultra-compact heat exchanger for the high power density 
electronics i.e., high brightness light emitting diode (HB- LED), microprocessors, lasers, etc.[7]. 
Flow boiling in a conventional channel is a very old issue and several research have been conducted to enhance 
its performance by changing the fluid properties (i.e. adding nanoparticles, surfactants to water) or by changing the 
channel geometry, orientation or solid-liquid interface geometry (i.e. grooved surface, micro structures, porous 
surface, etc.) [1]. Previously used all the boiling augmentation techniques can’t be implemented directly in 
microchannel due to its limited space. Manipulating surface characteristics is an effective means to enhance flow 
boiling performance in a microchannel. Previous research have revealed that introducing microstructures inside the 
small channel can enhance flow boiling performance (i.e. introducing micro pin fin in a microchannel [8], 
introducing micro groove [6, 9], applying micro-porous coating [10], etc.) but these techniques introduce significant 
pressure drop penalty. Very recently researchers have demonstrated that surface characteristics of a solid surface can 
be modified with nanostructures (nanowires, nanorods, nanotubes, etc.) to promote pool boiling performance [11-13] 
and more than 100% enhancement in HTC has been reported [12]. Some of these surface modification techniques 
(copper nanowires, carbon nanotube) have been successfully introduced in the microchannel [14-16] and up to 56% 
enhancement in HTC has been reported for the copper nanowires [14]. Surface morphology modifications with 
nanowires and nanotubes inside a microchannel is tedious and challenging and for complex geometry (surface with 
grooves, spiral tubes) it is tough to achieve. However, surface modification through nanoparticles deposition is 
relatively a convenient option. 
Surface treatment with nanoparticles was noted first during pool boiling of nanofluid [17, 18]; nanoparticles were 
observed to deposit on the solid surface forming a nonporous layer of nanoparticles. This nonporous layer increases 
nucleation site density and vapor entrapment volume resulting in enhanced boiling performance [17, 19]. Very 
recently researchers have investigated pool boiling performance of a solid surface by prior deposition of 
nanoparticles. Nanoparticles were deposited on the solid surface by pool boiling of nanofluid [20] and using 
electrophoresis deposition (EPD) technique [21, 22]. Reported results are encouraging; ~100% enhancement in CHF 
has been reported for the Cu surface coated with Al2O3 nanoparticles (deposited from pool boiling) [20]; up to 200% 
improvement in boiling HTC has been reported for steel plate coated with ZnO nanoparticles (deposited using EPD 
technique) [21]; Al2O3 nanoparticles coating on Al surface (deposited using anodizing technique) has been reported 
to sustain pool boiling experiment and enhanced HTC has been reported to remain up to 500 hours of  operation 
[22]. 
It is noteworthy to mention that nanoparticles deposition using pool boiling of nanofluid or EPD technique is 
simple, less expensive, easy to apply for complex geometric configuration, deposition parameters can be easily 
tailored and is flexible to be adopt for any metal-nanoparticle combination; besides nanoparticles deposited solid 
surface shows superior performance in pool boiling experiment. All these factors are inspiring to implement 
nanoparticles deposited surface in thermal management of high heat flux electronics components. Although 
nanoparticles coated surface has been investigated previously for pool boiling experiment but no study has been 
reported yet for flow boiling in a microchannel. Flow boiling in microchannel is different than the pool boiling and 
the surface coating faces another challenge of high shear stress introduced by the flowing liquid. Hence performance 
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and stability this nanoparticles coated microchannel is worthy to study. In this study surface morphology of a 
microchannel (dimension of the channel: 0.360mm × 5mm × 26mm) was modified by depositing nanoparticles from 
ethanol based nanofluid using EPD techniques. Single-phase and two-phase convective heat transfer experiments 
were conducted at different mass flux. Single-phase HTC, CHF, two-phase HTC and structural reliability of this 
coating is evaluated to assess the effectiveness of this coating in compact heat sink for the thermal management of 




Q heat gain by the coolant, watt 
Cp specific heat of the coolant, kJ.kg-1.K-1 
Q volumetric flow rate of the coolant, mL.s-1 
V input voltage, Volt 
I input current, Amp 
P input power 
T temperature, oC 
K thermal conductivity, W.m-1.oC-1 
t distance between thermocouple position and 
the top surface, mm  
q heat flux, W.cm-2 
h heat transfer coefficient, kW.m-2.K-1 
At heat transfer surface area, mm2 
V velocity, Ao.ns-1 




ρ density of the coolant, kg.m-3 
φ Lenard-Jones potential function 
σ length parameter of the potential function 
ɛ energy parameter of the potential function 
r distance between pair particles 
 
Subscripts 




sp single phase 





2. Experimental Setup 
2.1. Water Flow Loop 
Fig.1 presents the experimental setup used in this present experimental study. The test loop was an open loop 
configuration. From an inlet reservoir DI water was pumped to the test section by a gear pump (ISMATEC® Regol-z 
digital), which can provide a constant mass flow rate. The pump was equipped with a digital flow meter which was 
calibrated by the bucket and stopwatch method [23]. Inlet temperature and dissolved gases greatly influence boiling 
experiment [1], therefore care was taken to minimize the dissolve gases. A minimodule® de-gasifier was used in the 
flow loop to remove dissolved gases from the fluid before it enters the test section. To ensure constant inlet 












Figure 1. Schematic diagram of experimental setup 
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2.2. Test Section 
The details of the test section are shown in Fig. 2. It is comprised of a cover plate, housing block, Cu heat sink, 
cartridge heater, insulating cover and a bottom plate. The test section design is similar to the design used by 
Khanikar [15]. The cover plate, housing block and the bottom plate were made of high temperature polycarbonate 
plastic. The insulating block was made out of ceramic material and the Cu heat sink was machined from oxygen free 
single Cu block C10100. As shown in Fig. 2, a 0.360 × 5 × 26 mm micro-channel is formed by inserting the top 
portion (5 × 26 mm) of the Cu block into the center cavity of the housing block. Six 0.85 mm diameter holes 
positioned at a distance of 4, 7, 10, 14, 19 and 24 mm away from the inlet, were drilled into the side wall up to the 
half width of the Cu block to insert thermocouples. A 100W cartridge heater was inserted into the hole of the Cu 
block to provide heat to bottom of the microchannel. Thermal resistance between heater surface and the Cu block 
was minimized by applying a thermal compound (Artic Silver® 5) on top of the heater surface. Power was supplied 














2.3. Data Acquisition 
Six K-type thermocouples were inserted into the holes of the Cu block. Surface temperatures of Cu were 
determined from temperature readings of these thermocouples. Two additional K- type thermocouples were placed 
in the inlet and outlet plenum to measure the water inlet and outlet temperatures. Pressure drop in the test section 
was measured using a differential pressure transducer (PX2300-1DI). A NI compact DAQ-9172 data acquisition 
system and LabVIEW program were used to record all pressure and temperature data. 
2.4. Nanoparticles Deposition Technique 
Nanoparticles were deposited on the top surface of the Cu block using electrophoretic deposition technique 
(EPD). Ethanol based nanofluid was prepared by dispersing 2gm of Al2O3 nanoparticles  (purchased  from  Sigma-
Aldrich,  USA.  Al2O3   powders  were  in  γ-phase  withparticles size < 50nm (TEM), and the surface area >40 m2/g 
(BET)) in 200 ml of ethanol using a vortex mixture. In order to disperse the nanoparticles and to breakup of any 
agglomeration, the nanofluid was subjected to ultrasonic wave for 8 minutes using Branson Digital Sonifier 450. pH 
value of the nanofluid was measured using OAKTON® pH meter to be ~7.28, close to the isoelectric point (pH ~ 
9.5) [24]. pH value of the nanofluid was adjusted to ~2 by adding HCl (~38% HCl acid; purchased from Fisher 
Scientific) similar to ref. [25]. Cu block and another Cu plate are placed at 20 mm apart from each other in a 
container filled with the nanofluid. Positive terminal of the DC power supply was connected to the Cu plate and 
negative terminal with the Cu block. During the electrophoretic deposition process the nanofluid was magnetically 
stirred at a speed of 300 rpm to make the particles suspended. A constant voltage ~20V was applied for 10minutes. 
Nanoparticles from the nanofluid move towards the negative terminal (Cu block) and a uniform Al2O3 coating was 
obtained over the Cu surface. The coating was washed thoroughly with pure ethanol and dried at the room 
temperature for 24 hrs. Fig. 3(a) and 3(b) present image of the top surface of the Cu block before and after the 
Figure 2. Schematics of the test section. (a) Exploded view of the test section. (b) 
Sectional 
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coating. The heat sink with the coated surface was inserted into the test assembly and water was passed through the 
channel for 1 hour without applying any heat. As a result, all the loosely attached nanoparticles were washed away 


















Scanning electron microscopy (FEI Quanta 200 SEM) was used to characterize surface morphology of the Al2O3 
coated Cu surface and compared with the bare Cu surface. Fig. 3 (c) and 3(d) present SEM image of the bare Cu 
surface and Al2O3 coated Cu surface. Surface roughness increases for the coated surface as presented in Fig. 3(d) but 
microscale cavity that was observed in nanowires [14] coating are not observed for this surface. EDAX analysis 
report presented in Fig. 3(e) ensures existence of Al2O3 over the heat transfer surface. Surface wettability has 
profound effect on the heat transfer particularly in boiling heat transfer [14]. Hence surface wettability 
characteristics of the nanocomposite coating was quantified and compared with that of the bare surface. To perform 
the static contact angle measurements, a VCA optima surface analysis system from AST Products Ltd. was used. 
One ml droplets of DI water was deposited on the surface and the static contact angles were measured. Fig. 4 shows 










3. Experimental Procedure and Data Processing 
3.1. Experimental Procedure 
To perform the experiment, the test section was assembled and connected in the flow loop. The heat exchanger 
was adjusted to control the inlet temperature to a desired value and the pump was set to run at a desired flow rate. 
After the flow rate and inlet temperature were stabilized, a predetermined level of power was supplied to the heater 
from the DC power supply. Temperature and pressure were monitored by the LabVIEW software until it reached 
steady state. Once the system reached steady state, temperature, pressure and input power data were recorded and 
power was increased at a step of ~5V. The procedure was repeated until the surface temperature of the microchannel 
Figure 3. Coated surface ((a) top view of the coated surface. (b) SEM graphs of top view 
of bare Cu surface. (c) SEM graphs of top view of Al2O3 coated Cu surface (d) EDAX 
analysis of the coated surface.) 
Figure 4. Static contact angle of a water droplet on (a) bare 
Cu surface (b) Al2O3 coated 
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reached 130oC (which was set to avoid overheating of the test section); for our experimental condition this was 
always associated with an abrupt rise of the surface temperature. Input heat flux corresponding to this abrupt rise in 
surface temperature is defined as critical heat flux (CHF) in this work. To examine the effects of flow rate, data sets 
have been collected at various flow rates. 
3.2. Data Reduction 
The steady-state sensible heat gain Q by the coolant can be determined from an energy balance: 
 
Q = ρCp(Tin – Tout) Q (1) 
 
Where, Q is volumetric flow rate (measured from the pump control panel), density (ρ)and specific heat (Cp) have 
been obtained using fluid mean temperature ™. 
 
Tm = (Tin + Tout)/2 (2) 
 
In this experiment, voltage (V) and current (I) were measured directly from the power supply and input power 
(Qin) to the cartridge heater was calculated. 
 
Qin = V.I (3) 
 
Depending on the flow rate, 80 ~90 % of the input power is carried by the flowing water. Heat losses from the 
experimental setup have been calculated by subtracting the energy gained by the water from the total electrical 
power input. 
 
Qloss = Qin – QρCp (Tin-Tout) (4) 
 
Surface temperatures of the heat sink were estimated from 1D steady state conduction equation coupling with the 
thermocouple’s reading (thermocouples inserted into the copper block). 
 
Ti,s = Ti –Q.t/Kcu.At (5) 
 
Where, Ti,s is the surface temperature at different location, Ti the corresponding thermocouple reading, Kcu the 
thermal conductivity of the copper block (391 W/moK), t the distance between thermocouple position and top 
surface ( 2.5 mm), and At heat transfer area (26 × 5 mm). 
Average surface temperature and effective heat flux has been calculated using: 
 
Ts = (T1,s + T2,s ….+ Tn,s )/n (6) 
 
qeff = Q/At (7) 
 
For boiling with saturation exit, Q was calculated by deducting average heat loss of the test section just before 
the saturation exit from the input power. Average single-phase and two- phase heat transfer coefficient has been 
calculated using: 
 
hsp = qeff / (Ts-Tm) (8) 
 
 
htp = qeff / (Ts-Tm) (9) 
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3.3. Uncertainty Analysis 
Uncertainties associated with the instruments were as follows: flow rate ±0.02%, current ± 0.06%, voltage 
±0.15% and differential pressure ± 0.25%. Uncertainty propagation in the calculated value was computed by Kline 
and McClintock method [23]. Uncertainties estimated in local temperature ± 0.5 oC, mass velocity ±3.4% and 
effective heat flux as, ±3.6~12.5% depending on the flow conditions. 
4. Results And Discussion 
Sub-cooled flow boiling curves of water for different mass velocities (33, 70, 142 kg/m2s) and a constant inlet 
temperature of 22oC are presented in Fig. 5 for both the Al2O3 nanoparticles coated microchannel and the bare 
surface microchannel. Single-phase region andtwo-phase region can be clearly distinguished in the curves by a 













In the single-phase region, surface temperature rises almost linearly with the heat flux. Single-phase HTC for the 
Al2O3 nanoparticles coated surface and bare Cu surface are presented in Fig. 6. Single-phase HTC reduces 
marginally for the coated surface compared to the bare surface. Average reduction in single-phase HTC is estimated 
to be less than ~5%. Al2O3 coating adds an additional layer on the Cu surface. This coating introduces two effects: 
additional thermal resistance  and  increased  surface  roughness.  Thermal  conductivity  of  the  Al2O3 
nanoparticles is ~30 W/m.K compared to the ~391 W/m.K thermal conductivity of Cu, as a result an additional 
thermal resistance is imposed by this coating. This additional thermal resistance inhibits heat flow from the solid Cu 
surface to the flowing liquid. Surface roughness promotes mixing of cold and hot fluid near the solid surface and 
also increases wetted surface area but that’s effect is not very significant in microchannel [26]. Combining all these 
effects single-phase HTC reduces to some extent for the coated surface compared to the bare surface but this 
reduction is not very significant too. 
During the heat transfer process in a microchannel at an elevated heat flux there is high temperature gradient in 
the axial direction. Depending on the fluid inlet temperature, a portion of the microchannel will have single phase 
flow and then the boiling is initiated from the downstream region. Once boiling initiate, most of the heat is carried 
by the coolant utilizing latent heat of vaporization instead of single-phase sensible heat gain. Latent heat of 
vaporization of  water  is  much  higher  compared  to  the  single-phase  sensible  heat  gain  (latent  heat  
ofvaporization of water is 2260 kJ/kg compared to single-phase sensible heat gain for 142 kg/m2.smass flux ~1.62 
kJ/kg); as a result slope of the boiling curve starts to be steeper from the boiling incipient point which indicates a 
sharp rise in HTC. Boiling starts or bubble nucleates generally from the artificial or natural cavity presents on the 
boiling surface; comparatively large size cavity becomes active earlier than smaller size cavity [27]. Boiling 
initiation delays for the Al2O3 coated surface compared to the bare surface. This observation is in contradiction with 
the previous report where nucleation temperature reduces for the Al2O3 coated surface compared to the bare surface 
[22]. Plausibly surface morphology and nanoparticles size cause this contradiction. A detail explanation is presented 
in the numerical modeling section. With the increase of heat flux surface temperature increases; nucleation site 
density increases as smallersize cavity become active at higher temperature; bubble growth rate and bubble 
frequency also increase resulting in increased heat transfer rate as observed in Fig. 6. Two-phase HTC calculated 
Figure 6. Average single-phase heat transfer coefficient 
variations with effective heat flux 
Figure 5. Sub-cooled flow boiling curve of water for 
33, 70 and 142 kg/m2.s mass flux 
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using equation 7 is plotted in Fig.8. Two-phase HTC is found to be lower for the coated surface compared to the 
bare surface. Depending on the surface temperature and mass flow rate ~3% to ~15% reduction in two-phase HTC 
has been calculated. This observation is in contradiction with the previous reports [21, 22] where more than 100% 













Another important consideration for the flow boiling performance is critical heat flux (CHF). CHF indicates 
maximum heat flux that can be handled with the operating parameters. In many cases of the microchannel 
experiment, immature CHF triggers by the vapor backflow [14]. Immature CHF has been removed in this study by 
introducing a flow restrictor in the inlet port and reducing flexible hose size of the outlet. CHF in a microchannel 
takes place due to local dry out and it increases with the mass flow rate. Fig. 9 presents critical heat flux estimated 
for different mass flow rate. CHF increases for the coated surface compared to the bare surface;~20% to ~45% 
enhancement in CHF has been observed for the coated surface. Plausible reason of this enhancement is related with 
the surface wettability and surface wicking characteristics. Al2O3 coating increases surface wettability (Fig. 3) and 
wicking characteristics which expedite spreading of the liquid to the dry out region resulting in increased CHF. This 
finding is in agreement with the previous report on pool boiling by Kandlikar [28]. 
5. Molecular Modeling 
Previous section presents experimental results on flow boiling in a Al2O3 nanoparticles coated microchannel. It is observed 
that the coating is beneficial in enhancing CHF, whereas HTC is adversely affected by this coating. This observation is in 
contradiction with several previous report on pool boiling experiment where nanoporous coating is found advantageous in 
enhancing HTC [21, 22, 29] and up to 200% enhancement has been reported for pool boiling with nanoparticles deposited 
surface. However several experiments on pool boiling are in consistent with our findings [30]. Similar contradiction report is also 
reported for pool boiling of nanofluid [19]. This inconsistency necessitates looking deeply in the heat transfer mechanism of the 
nanoparticles coated surface. 
Every solid surface has nanoscale surface roughness (nanostructures, cavity, etc.) which developed naturally during 
machining or manufacturing process. When nanoparticles are deposited on this solid surface; depending on their relative size 
(clearance of the surface roughness or size of the cavity and size of the nanoparticles) different types of solid-liquid interface can 
be developed. Heat transfer from the solid surface to the adjacent liquid may be different depending on the interface 
characteristics which may cause contradiction in reported HTC. Classical molecular dynamics simulation (MDS) is used in this 
section to check this hypothesis. 
Fig. 9(a) presents the calculation domain used in this simulation similar to the ref. [29]. The simulation domain consists of 
solid surface, liquid molecules and nanoparticles. Lenard Jones (LJ 12-6) potential functions are used for the intermolecular and 
interatomic interaction and potential parameters are collected from ref. [31, 32]. Surface molecules can be assumed as platinum, 
liquid molecules as water and nanoparticles as iron. Three layers of the solid molecules are placed at the bottom of the simulation 
domain, each layer having 216 molecules. Bottom layer of the solid molecules are anchored to their initial lattice position; 
temperature of the middle layer was controlled to a certain temperature, TS using a thermostat. Liquid molecules are placed over 
the solid surface with mirror boundary conditions at the top surface and all other boundaries are considered to be periodic. 
Temperature of the 2 nm region from the mirror surface was controlled to a certain temperature, Tf using a separate thermostat. 
As a result, a temperature gradient is established between the solid surface and the liquid molecules and heat energy starts to 
Figure 7. Critical heat flux variations with mass flux Figure 8. Average two-phase heat transfer coefficient variations 
with effective heat flux 
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flow. Total energy transfer between the solid and the liquid molecules are calculated using kinetic energy of the solid wall. To 
construct the nanostructured surface, three nanostructures are attached to the solid surface (Fig. 9(f)). Nanoparticles are placed on 
both the flat surface (9(c)-9(e)) and nanostructured surface (9(g)-9(l)). Effect of nanoparticles deposition on heat transfer from 



















Fig. 11 presents the total energy transfer between the solid surface and the liquid molecules when Ts and Tf are set to 293K 
and 453K respectively. Energy transfer rate increases linearly with time. Energy transfer rate is much higher for the 
nanostructured surface (9-f) compared to the flat surface (9-b). Nanostructured surface increases contact surface area, reduces 
interfacial thermal resistance and alters dynamics of the liquid molecules at the interfacial region which in turn increases energy 
transfer from the solid surface to the liquid. A detail explanation of the mechanism of enhanced energy transfer for the 
nanostructured surface can be found in previous report [32]. Energy flow from the nanoparticle deposited surface is presented in 
Fig. 12. From Fig. 12(a) it is obvious that nanoparticle deposition enhances total energy flow for the flat surface regardless of the 
size and position of the particles whereas for the nanostructured surface energy flow may increase or decrease depending on the 
size and position of the particles (Fig. 12(b)). When nanoparticles sit over the nanostructures energy transfer rate increases like 
the flat surface (surface g, h and l). Nanoparticles enhance energy transfer rate by increasing static contact area and by altering 
dynamic behavior of the liquid molecules near the solid surface [29]. Energy transfer rate increases with the size and number of 
the nanoparticles. However, when the nanoparticles are trapped between the nanostructures (which may arise when size of the 
particles are smaller than the clearance of the nano structures) total energy transfer rate decreases for the solid surface (surface i, 
j, k). When nanoparticles are trapped inside the nanostructures, it effectively decreases the solid-liquid contact area and due to 
various interactions inside the nanostructures number of heat carrying molecules decrease and liquids mobility inside the 











Figure 9. Simulation domain, wall and nanoparticle configuration (a: configuration of the simulation domain; b: configuration of the flat surface; 
c-e: configuration of the flat surface with different nanoparticles; f: configuration of the nanostructured surface; g-l: configuration of the 
nanostructured surface with different nanoparticles 
Figure 11. Comparison of total energy flow between uncoated and coated 
surface Figure 10. Comparison of the energy flow with 
time for the nanostructured surface (10-f) and 
flat surface (10-b) 
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6. Conclusions 
In this study single-phase and two-phase convective heat transfer performance of DI water in a microchannel 
with nanoporous layer has been investigated experimentally. Experimental results of the microchannel with 
nanoporous layer has been analyzed and compared with that of the bare surface channel. In addition to the 
experimental work, molecular dynamics simulation also has been performed to explore the heat transfer mechanism 
of the nanoparticles coated surface. From the results of the experiments and numerical simulation following 
conclusions can be drawn: 
x Microchannel with bare and Al2O3 nanoparticles coated surface show similar flow boiling behavior. Boiling 
always starts from the downstream region but boiling incipient temperature  somewhat  increases  for  the  
coated  surface  compared  to  the  bare  surface. Boiling heat transfer coefficient decreases by ~2-15% for the 
coated surface, whereas CHF increases; up to ~45% enhancement has been observed in this experimental study. 
x Molecular dynamics simulation presents a comprehensive view on heat transfer mechanism from the 
nanoparticles coated surface to the adjacent liquid. Heat transfer rate always increases for the nanoparticles 
coated flat surface, whereas it may increase or decrease for the rough surface depending on the clearance of the 
roughness present on the solid surface and size of the nanoparticles. Heat transfer rate decreases when size of 
the particles is smaller than the clearance of the roughness and particles are trapped in that clearance. In all 
other cases heat transfer rate increases for the nanoparticles coated surface compared to the base surface. This 
relative size effect (clearance of the roughness and nanoparticle size) plausibly gives inconsistency in HTC 
enhancement values reported previously. 
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